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BRIDGING THE GAP BETWEEN I N J E C T O R  HYDRAULICS AND COIv'BUSTION 
PHENOMENA I N  L I Q U I D  PROPELLANT ROCKET EPGINESL 

Jack  He Rupe 

ABSTRACT 

The non-reac t ive  p r o p e r t i e s  of t h e  sp rays  produced by a s i n g l e  

p a i r  of  impinging j e t s  a r e  u t i l i z e d  a s  t h e  b a s i s  for t h e  d e s i g n  of 

s e v e r a l  r o c k e t  i n j e c t o r s  a t  t h e  20,000 pound t h r u s t  l e v e l ,  These 

des igns  a r e  p r e d i c a t e d  upon t h e  assumption t h a t  t h e  mass d i s t r i b u t i o n  

and m i x t u r e - r a t i o  d i s t r i b u t i o n  a r e  t h e  s i g n i f i c a n t  parameters  insofar  

a s  combustion i s  concerned, and f u r t h e r  t h a t  t h e s e  p r o p e r t i e s  may be 

c o n t r o l l e d  through proper  i n j e c t o r  design.  

p re sen ted  i n  some d e t a i l ,  and t h e  r e s u l t s  of  t h e  performance e v a l u a t i o n  

of  t h e s e  s e v e r a l  i n j e c t o r s  a r e  presented ,  

The des ign  c r i t e r i a  a r e  

I. INTRODLICTION 

For many y e a r s  t h e  unpred ic t ab le .  combustion phenomena encountered 

i n  l i q u i d  p r o p e l l a n t  r o c k e t  engines  have been a s s o c i a t e d  w i t h  t h e  

i n j e c t i o n  system. Y e t  t h e  mechanism t h a t  c o n t r o l l e d  t h e s e  i n t e r -  

a c t i o n s . h a s  not  been def ined.  It was t h z r c f o r e  t h e  combination of a 

d e s i r e  t o  d e f i n e  such a inechanism and t h e  conv ic t ion  t h a t  t h e  problem 

could  . a t  l e a s t  - in ,par t  be r e s o l v e d  w i t h  adequate  knowledge of t h e  

hydrodynamic p r o p e r t i e s  of t h e  i n j e c t e d  f l u i d s  t h a t  l e d  t h e  J e t  

Propuls ion  Laboratory i n t o  an i n v e s t i g a t i o n  of t h e  non-reac t ive  

'This paper  p r e s e n t s  t h e  r e s u l t s  of one phase of r e s e a r c h  
c a r r i e d  ou t  a t  t h e  J e t  Propuls ion  Labora to r i e s ,  C a l i f o r n i a  I n s t i t u t e  
of Technology, under Con t rac t  NASw-6, sponsored by t h e  Nat iona l  
Aeronaut ics  and Space Adminis t ra t ion,  
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p r o p e r t i e s  of sp rays  and j e t s ,  Although t h i s  program purposely 

divorced i t s e l f  from combustion problems it  was based upon t h e  

i m p l i c i t  assumption t h a t  i t s  s i g n i f i c a n t  r e s u l t s  could  be app l i ed  

t o  a r e a c t i n g  system. These non-reac t ive  s t u d i e s  were based upon 

t h e  assumption t h a t  t h e  r e a l l y  s i g n i f i c a n t  i n j e c t o r  func t ions  must 

inc lude  t h e  product ion  of  c o n t r o l l e d ,  p r e d i c t a b l e ,  and presumably 

s t a b l e  spray p r o p e r t i e s  i n  t h e  p r e - r e a c t i o n  zone of a combustion 

chamber. Obviously s i n c e  t h e  i n j e c t o r  i t s e l f  does n o t  e n t e r  i n t o  

t h e  r e a c t i o n  i t s  geometry i s  i n s u f f i c i e n t  f o r  c o r r e l a t i o n  with 

combustion b u t  must f i r s t  be r e l a t e d  t o  t h e  spray  p r o p e r t i e s  t h a t  

a given geometry w i l l  produce. A subsequent  c o r r e l a t i o n  is  then  

necessary  t o  c o r r e l a t e  sp ray  c h a r a c t e r i s t i c s  and combustion 

phenomena. I t  i s  noted  t h a t ,  concep tua l ly  a t  l e a s t ,  t h e r e  a r e  an 

i n f i n i t e  number of i n j e c t o r  geometr ies  t h a t  can produce a g iven  mass 

and m i x t u r e - r a t i o  d i s t r i b u t i c n ,  whereas i n t u i t i o n  sugges t s  t h a t  a 

given  se t  of combustion p r o p e r t i e s  a r e  un ique ly  r e l a t e d  t o  a given 

mass and m i x t u r e - r a t i o  d i s t r i b u t i o n .  

F i r s t  e f f o r t s  t o  demonstrate  t h e  f e a s a b i l i t y  of t h i s  l a t t e r  

c o r r e l a t i o n  have been based upon t h e  f u r t h e r  assumption t h a t  those  

spray  p r o p e r t i e s  produced by a g iven  i n j e c t o r  geometry are a l s o  

achieved by p r o p e l l a n t s  i n j e c t e d  w i t h  t h e  same c o n f i g u r a t i o n  i n t o  a n  

ope ra t ing  combustion chamber. Although i t  i s  reasonable  t o  expec t  

t h a t  combustion w i l l  e f f e c t  such sp rays  t o  some degree,  t h e  f a c t  

remains t h a t  t h e s e  e f f e c t s  a r e  simply a d d i t i o n a l  v a r i a b l e s  and serve 

only t o  modify t h e  d e t a i l e d  requirements  of t h e  p r o p e r t i e s  produced 
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by t h e  i n j e c t o r .  Thus i n j e c t i o n  i n t o  a combustion environment does 

not  a l t e r  t h e  requirement t h a t  t h e  s i g n i f i c a n t  i n j e c t i o n  parameters 

must be known q u a n t i t i e s  t h a t  a r e  s t a b l e  and p red ic t ab le ,  

It has a l r eady  been i n d i c a t e d  t h a t  of t h e  seve ra l  spray charac- 

t e r i s t i c s  t h a t  could be s tud ied  only mass d i s t r i b u t i o n  and mixture- 

r a t i o  d i s t r i b u t i o n  have been considered s i g n i f i c a n t  fo r  t h i s  first 

e va lua t ion  . 
d i s t r i b u t i o n  for a c y l i n d r i c a l  chamber with one-dimensional flow) i s  

Ma s s d i s  t r i b u  t i on ( ac  t u  a l l y  ax i a  1 -ma s s - f low-ra t e  

included s i n c e  i t  d e f i n e s  t h e  r e l a t i v e  concent ra t ions  and presumably, 

on a n  abso lu te  s c a l e ,  should d e f i n e  the  maximum t o l e r a b l e  concen- 

t r a t i o n s  for any g iven  p r o p e l l a n t  combination. 

for achieving uni formi ty  i n  concen t r a t ions  and hence a x i a l  v e l o c i t i e s  

i n  a t y p i c a l  chamber. Mixture- ra t io  d i s t r r b u t i o n  i s  simply a measure 

of t h e  degree of mixing achieved b y  t h e  i n j e c t i o n  processes,  Pre- 

sumably t h e  i d e a l  s i t u a t i o n  from a chemical viewpoint i s  a t t a i n e d  when 

a predetermined mixture  r a t i o  (i.e.,  peak performance or i t s  equ iva len t )  

is achieved on a molecular  s c a l e  i n  a minimum t i m e  and/or space. 

It provides a basis 

For 

most a p p l i c a t i o n s  however it i s  probable t h a t  t h e  requi red  s c a l e  of 

mixing i s  s u b s t a n t i a l l y  c o a r s e r  than  molecular, 

choice of t h e s e  parameters a s  t h e  more s i g n i f i c a n t  ones was somewhat 

It  i s  noted t h a t  t h e  

a r b i t r a r y  and should not  imply t h a t ,  a t  l e a s t  i n  c e r t a i n  cases ,  a 

spray proper ty  such a s  d r o p l e t - s i z e  d i s t r i b u t i o n  might no t  be even 

more important,  

The o v e r a l l  performance of a r o c k e t  motor must of course be 

r e l a t e d  t o  the  p r o p e r t i e s  of t h e  complete i n j e c t o r .  

i n s t a n c e s  where t h e  i n j e c t o r  i s  a composite of a number of e s s e n t i a l l y  

i d e n t i c a l  e lements  t hen  t h e  p r o p e r t i e s  of t h e  element can be used t o  

However i n  those  
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cons t ruc t  t hese  gross  c h a r a c t e r i s t i c s .  I n  p r a c t i c e  it i s  t h i s  l a t t e r  

procedure t h a t  i s  u t i l i z e d  f o r  ob ta in ing  a p resc r ibed  i n j e c t i o n  

p a t t e r n  ( i . e . ,  mass d i s t r i b u t i o n ) .  

"organize" t h e  mass d i s t r i b u t i o n  of a number of  small  elements t o  

conform t o  a p a r t i c u l a r  chamber geometry than  it i s  t o  f a b r i c a t e  

s u i t a b l e  chamber boundaries t o  s u i t  t h e  mass d i s t r i b u t i o n  of a smal l  

I n  most c a s e s  i t  i s  s impler  t o  

number (i.e.8 one or two) of elements. Previous experimental  evidence 

a l s o  tends  t o  s u b s t a n t i a t e  the  i d e a  t h a t  apprec i ab le  nunbers of small  

elements a l s o  a s s i s t  i n  achieving t h e  r equ i r ed  overa l l - spray  

p rope r t i e s .  

11. NON-REACTIVE S?RAY STUDIES 

The var ious  types of i n j e c t o r  elements (i.e.,  t h e  s m a l l e s t  sub- 

d i v i s i o n  from which des ign  combustion processes  could be expected) 

which have been u t i l i z e d  a s  t h e  b a s i s  for i n j e c t o r  des ign  have included 

only  a few f o r  which any apprec iab le  amount of hydrodynamic information 

i s  ava i l ab le .  I n  p a r t i c u l a r  t h e s e  inc lude  t h e  hollow-cone sp ray  which 

has  been s t u d i e d  ex tens ive ly  f o r  a p p l i c a t i o n s  i n  gas - l iqu id  combustors 

and t h e  unl ike-on-ucl ike impinging-stream spray. 

has  been s t u d i e d  by Heidman and Humphreys (Ref. 1) of NACA (cf. Ref. I) 

and Norman W. Ryan of MIT ( c f .  Ref. 2) a s  well a s  o t h e r s  and was 

chosen as t h e  b a s i s  for a r a t h e r  ex tens ive  s tudy  a t  JPL because of i t s  

r e l a t i v e  s i m p l i c i t y ,  i t s  wide a p p l i c a b i l i t y  t o  b i p r o p e l l a n t  rocke t  

This  l a t t e r  element 

systems8 and because i t  promised a means of achieving in t ima te  phys ica l  

mixing of t h e  two components on t h e  s c a l e  r equ i r ed  t o  support  combustion 

i n  a nea r  minimum time. The r e s u l t s  of t h e s e  s t u d i e s  have been 

Page 4 



lef Propulsion laboratory Publ ica t ion  No. 167 

presented  from time t o  time i n  the  bimonthly Laboratory Pub l i ca t ions  

and i n  p a r t i c u l a r  i n  Refs. 3 and 4. I n  a d d i t i o n ,  a t  l e a s t  i n s o f a r  

a s  t h e  mass-d is t r ibu t ion  da ta  a r e  concerned, some of t he  e a r l i e s t  

information was r epor t ed  i n  Ref. 5. 

a r i l y  repea ted  here .  

These d a t a  w i l l  not be  unnecess- 

However i n  o r d e r  t o  provide a b a s i s  f o r  i n t e r -  

p re t ing  t h e  spray  p r o p e r t i e s  which a r e  t o  be discussed,  and i n  a n  

at tempt  t o  g ive  phys ica l  s i g n i f i c a n c e  t o  t h e  terms mass d i s t r i b u t i o n  

and mix tu re - r a t io  d i s t r i b u t i o n  a very b r i e f  review of t h e  experimental  

phases of t h i s  work i s  probably j u s t i f i e d .  

F igure  1 i s  a c o l l e c t i o n  of photos which shows f i r s t  a s  p a r t  

( a )  an a r t i s t s  concept of  t h e  s e v e r a l  more b a s i c  i n j e c t o r  elements. 

Although t h e r e  a r e  c e r t a i n  obvious d i f f e r e n c e s  i t  i s  important t o  

note  t h a t  tne prime o b j e c t i v e  i n  every case  i s  t o  achieve some degree 

of c o n t r o l l e d  mixing wi th  a p a r t i c u l a r  d i s t r - i u t i o n ,  and f u r t h e r ,  t h a t  

i n  every case  t h e  element depends upon t h e  hydrodynamic p r o p e r t i e s  

of f r e e  l i q u i d  s h e e t s  or j e t s  t o  accomplish t h i s  ob jec t ive .  

c o n t r o l  of t hese  p r o p e r t i e s  i s  p r e r e q u i s i t e  t o  the  c o n t r o l  of mass 

and mtx tu re - r a t io  d i s t r i b u t i o n s .  It should a l s o  be noted a t  t h i s  

po in t  t h a t  once t h e  r equ i r ed  p r o p e r t i e s  of  an  i n j e c t o r  spray have 

Thus t h e  

been def ined ,  any or a l l  of such elements could be u t i l i z e d  t o  achieve  

those  requirements. 

unlike-on-unlike impinging streams have been eva lua ted  i n  some d e t a i l  

t h a t  t h i s  element was chosen a s  t h e  b a s i s  for a d d i t i o n a l  i nves t iga t ion .  

Figure l b  shows two views of a sp ray  produced by impingement of 

It i s  noted t h a t  t h e  bulk  of 

And i t  i s  only  because t h e  p r o p e r t i e s  of the 

a p a i r  of n e a r l y  i d e n t i c a l  water  j e t s .  

t h e  s p r a y  i s  concent ra ted  about a " r e s u l t a n t  momentum l i n e "  and has 

( a t  l e a s t  i n  t h i s  case  of i d e n t i c a l  j e t s  wi th  equal  mcmenta) a n e a r l y  
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e l l i p t i c a l  c r o s s  sec t ion .  Now i f  a c o l l e c t o r  of t h e  type shown i n  

Fig. IC i s  exposed t o  such a spray  f o r  a reasonable  time i n t e r  

a ser ies  of samples such a s  a r e  shown i n  Fig. I d  w i l l  be o b t a i  

I n  t h i s  case  t h e  v e r t i c a l  h e i g h t  of t h e  sample i n  each tube is 

propor t iona l  t o  t h e  l o c a l  mass f low r a t e  a t  a d i f f e r e n t  p o s i t i o n  

w i t h i n  t h e  spray. I n  a d d i t i o n ,  i f  t he  i n j e c t e d  f l u i d s  a r e  immiscible 

then  they  w i l l  s e p a r a t e  a f t e r  t h e  sample i s  obtained ( a s  i n d i c a t e d  i n  

t h e  photographs) and it i s  poss ib l e  t o  de t e rn ine  t h e  r e l a t i v e  flow 

r a t e s  passing t h e  p a r t i c u l a r  p o i n t  i n  t h e  sp ray  and hence o b t a h  a 

l o c a l  mixture r a t i o .  

A g r e a t  d e a l  of t h i s  kind of  in format ion  was obtained wi th  t h e  

carbon-tetrachloride-water system and has  been u t i l i z e d  t o  produce a 

c o r r e l a t i o n  of a q u a n t i t y  Em, known a s  a "mixing f a c t o r " ,  and t h e  

gross dynamic p r o p e r t i e s  of t h e  t w o  j e t s  (cf.  Ref. 4). This mixing 

fat-tor i s  e s s e n t i a l l y  a summation of t h e  mass-weighted value of t h e  

r a t i o  between t h e  l o c a l  mass- f rac t ion  r a t i o  and t h e  nominal mass- 

f r a c t i o n  r a t i o .  I t ' s  l i m i t s  have been ad jus t ed  t o  values of 0 and 

100 and can be imagined t o  r ep resen t  t h e  percentage of the  t o t a l  

sp ray  t h a t  has  achieved t h e  nominal mixture r a t i o ,  I n  another  sense 

it  can be v i s u a l i z e d  a s  r ep resen t ing  t h e  degree t o  which t h e  sp ray  

has  achieved the  intended mixture r a t i o ,  

Figure 2 shows the  c o r r e l a t i o n  r e s u l t i n g  from t h i s  e f f o r t  which 

has  been used a s  t h e  b a s i s  for t h e  conclus ion  t h a t  (w i th in  the 

l i m i t a t i o n s  of t h e  experiments) t he  most uniform m i x t u r e  rat io  

d i s  t r i h  t i o n  i s  achieved i n  the  spray  produced by a p a i r  of impinging 

= 0.5 or when 1 streams when 

Page 7,  



Jet Propulsion Laboratory Pub l i ca t ion  No. 167 

t h e  q u a n t i t y  (blV,2Dl/b2V22D2 = 1). 

known a s  the  "uniformity c r i t e r i a " .  

This l a t t e r  q u a n t i t y  h a s  become 

If i n  a d d i t i o n  t o  the  u s u a l  mixture  r a t i o  requirements  i t  i s  

a l s o  r equ i r ed  t h a t  t h e  element  s a t i s f y  the  uni formi ty  c r i t e r i a  t h e n  

f o r  any g iven  p r o p e l l a n t  system t h e  o r i f i c e  diameter  r a t i o s  and t h e  

j e t  v e l o c i t y  r a t i o  a r e  de f ined  by Eqs.  (3) and (4) r e s p e c t i v e l y  of 

Fig. 2, If it  i s  f u r t h e r  assumed t h a t  t o t a l  f l ow r a t e  f o r  t h e  element 

WT i s  determined from o t h e r  c o n s i d e r a t i o n s ,  t hen  Eq: ( 5 )  must also  

be s a t i s f i e d .  Obviously t h e n ,  t h e  a r b i t r a r y  choice of one v e l o c i t y  

or one diameter  w i l l  determine a l l  o t h e r  values.  I n  any event  

Eqs. (3) and (4 )  a r e  s a t i s f i e d  when t h e  element w i l l  produce a spray 

having a n e a r  uniform m i x t u r e - r a t i o  d i s t r i b u t i o n .  Therefore  w i t h i n  

t h e  l i m i t a t i o n s  of t h e  assumptions a l r e a d y  d iscussed  it i s  p o s s i b l e  

t o  predetermine the  i n j e c t o r  geometry t h a t  i s  r equ i r ed  t o  produce a 

nea r  uniform mixture-ra t i o  d i s t r i b u t i o n .  

Fig. 2. A C o r r e l a t i o n  of Em and 
b l  vl2Dl/b2V2*@ and 

Its Applicaticjn 
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F o r  the maximum value of E,, i . e * ,  near-uniform r d i s t r i b u t i o n  

b V D  222 = r (by  Definition) 
~ l V 1 D 1 2  

Combining (1) and (2) 

Then f o r  a p a r t i c u l a r  f low rate 

Unfortunately no simple way of cha rac t e r i z ing  t h e  mass d i s t r i -  

bu t ion  of t h e  sp ray  produced by  a n  element has  been devised. This 
tends t o  be p a r t i c u l a r l y  d i f f i c u l t  s ince  these  d i s t r i b u t i o n s  tend t o  

be s t rong  func t ions  of  t h e  geometry and dynamic p rope r t i e s  of the 

j e t s  as wel l  a s  t h e  inc luded  angle  between t h e  j e t  c e n t e r l i n e s  b e . #  

impingement angle).  Thus, t o  d a t e  a t  l e a s t ,  it has  been necessary 
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t o  u t i l i z e  experimental  information,  which has  been obtained 

a c t u a l  experimental  i n j e c t o r  element s i m i l a r  t o  the  proFos 

a s  t he  b a s i s  f o r  a composite design. It should be noted t h a t  t h e  

geometrical  p r o p e r t i e s  of t h e  sprays  produced by a p a i r  of j e t s  having 

s i m i l a r  geometry a s  w e l l  a s  s i m i l a r  dynamic p r o p e r t i e s  tend t o  be q u i t e  

i n s e n s i t i v e  t o  s c a l e  and abso lu te  leve ls  of mass f low r a t e s .  Thus it 

i s  poss ib le  t o  approximate t h e  mass d i s t r i b u t i o n s  of a proposed 

element from o t h e r  d a t a  t h a t  may be ava i l ab le  (e.g.* from t h e  experi-  

mental records of da t a  used t o  determine t h e  mixing co r re l a t ion ) ,  

It can now be seen t h a t  ( aga in  wi th in  t h e  l i m i t a t i o n s  of t h e  

- 

previous ly  s t a t e d  assumptions) these  da ta  provide a means of obtaining,  

f i r s t ,  a near  uniform mix tu re - r a t io  d i s t r i b u t i o n  of t h e  i n j e c t e d  

p rope l l an t s ,  and secondly,  a means of p red ic t ing  and c o n t r o l l i n g  t h e  

axial-mass-flow-rate d i s t r i b u t i o n s  i n  a chamber of a r b i t r a r y  cross 

sec t ion .  

s u b j e c t  t o  v e r i f i c a t i o n  and t h e  r e l a t i v e  combustion e f f e c t s  a r e  y e t  

t o  be evaluated. Therefore  t h e  s ign i f i cance  of t h i s  approach is 

dependent upon a v e r i f i c a t i o n  of t h e  a p p l i c a b i l i t y  of t h e  da t a  

obtained with non-react ive f l u i d s  t o  a c t u a l  combustion systems. 

However t h e  assumptions upon which t h e  method i s  based a r e  

111. RELATING COhBUSTION PHENQMENA AND 
INJECTION PROPERTIES 

e r imenta l  c o r r e l a t i o n  of i n j e c t o r  (i.e. * combustor) 

t h  t h e  presumed s i g n i f i c a n t  spray p rope r t i e s  of mass 

d i s t r i b u t i o n  and mix tu re - r a t io  d i s t r i b u t i o n  would r e q u i r e  the  e v a l u a t i o n  

dware due t o  the  i n t e r -  
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geometry. Therefore  t h e  f i r s t  t e s t  of t h e  hypothes is  was res 

t o  a r e l a t i v e l y  simple "demonstration" of s i g n i f i c a n c e  (o r  l a  

same) 

I n  o rde r  t o  minimize t h e  amount of background m a t e r i a l  t h a t  

would have t o  be  genera ted  and because an  apprec i ab le  amount of t e s t  

hardware was a l r e a d y  a v a i l a b l e  it was convenient  t o  base  t h i s  

demonstration upon t h e  s o - c a l l e d  V o r p o r a l "  propuls ion  system. 

i n j e c t o r  f o r  t h i s  system c o n s i s t s  o f  52 p a i r s  of impinging unlike-on- 

un l ike  j e t s  arranged a s  shown i n  Fig. 3 so as t o  produce two concen t r i c  

r o w s  of impingement p o i n t s  which t e n d  t o  concen t r a t e  t h e  i n j e c t e d  

f l u i d s  i n  an  annu la r  s e c t i o n  of t h e  combustion chamber. Thus, t h i s  

The 

i n j e c t o r  ( o r  one s i m i l a r  t o  it) should provide a s u i t a b l e  comparison 

between a "concentrated" mass d i s t r i b u t i o n  and a more uniform 

d i s t r i b u t i o n .  I n  a d d i t i o n  it seemed s i g n i f i c a n t  t h a t  t h i s  system had 

a l r e a d y  undergone a r a t h e r  e x t e n s i v e  development program wi thout  

r e a l i z i n g  i t s  f u l l  p o t e n t i a l  so  t h a t  i f  a s u b s t a n t i a l  improvement 

r e s u l t e d  from t h e  a p p l i c a t i o n  of the hypothes is  it could  n o t  be 

cons idered  a s  a complete coincidence. 

phase r e a c t i o n s  t h a t  a r e  a v a i l a b l e  w i t h  t h i s  system t m d  to minimize 

It is a l s o  t r u e  t h a t  t h e  l i q u i d  

t h e  imp.ortance of d r o p l e t  s i z e  d i s t r i b u t i o n s ,  

Thus i t  seemed t h a t  a s i g n i f i c a n t  demonstrat ion could be  achieved 

by  comparing t h e  p r o p e r t i e s  of t h e  o r i g i n a l  Corporal  i n j e c t o r  with 

s i m i l a r  designs which were based  on t h e  non-react ive da t a  and in tended  

t o  produce (1) s i m i l a r  b u t  nonuniform mass d i s t r i b u t i o n s  having uniform 

mix tu re - r a t io  d i s t r i b u t i o n  and (2) an  i n j e c t o r  t h a t  was presumed t o  

produce uniform mixture-ratio*distribution and uniform mass distri- 
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Fig. 3. Corporal Injector (5-360) with Sketch 
of Orifice Geometry 
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The only disadvantage t o  t h i s  approach was t h a t  t h e  optimum 

rnixture-rat io  f o r  t h e  Corporal  i n j e c t o r  had been set  a t  a value 

2.13 with a r e s u l t i n g  performance leve l  t h a t  i s  s u b s t a n t i a l l y  l o  

than  i s  poss ib le  a t  t he  peak performance m i x t u r e  r a t i o  of 2.80. Thus 

it was f i r s t  necessary t o  o b t a i n  a comparison wi th  a uniform mixture- 

r a t i o  design based on a mix tu re - r a t io  of 2.13 and then  subsequent ly  

wi th  a s i m i l a r  design based on 2.80. Since t h e  changes i n  3e t  pro- 

p e r t i e s  ( r e l a t i v e  t o  t h e  Corporal)  requi red  t o  produce these  condi t ions  

a l s o  r e s u l t e d  i n  some changes i n  mass d i s t r i b u t i o n ,  a f i r s t  a t tempt  

t o  eva lua te  these  l a t t e r  e f f e c t s  cons i s t ed  of t he  eva lua t ion  of two . 

a d d i t i o n a l  i n j e c t o r s  which r e t a i n e d  a l l  of t h e  element p r o p e r t i e s  fo r  

t h e  r e spec t ive  i n j e c t o r s  b u t  r e tu rned  t h e  r e s u l t a n t  momentum l i n e  of 

each element t o  t h e  value achieved by the  Corporal  a t  r = 2.13. This 

was accomplished by r o t a t i n g  t h e  j e t  c e n t e r l i n e s  about t h e  impingement 

point .  

i n j e c t o r s  were s i m i l a r  t o  t h e  Corporal.  

t o  be included i n  t h e  demonstration can be summarized as follows: 

I n  a l l  o t h e r  r e s p e c t s  t h e  c e n t e r l i n e  geometry of t h e s e  four 

Thus t h e  s e v e r a l  i n j e c t o r s  

1. A Corporal i n j e c t o r  which h i s t o r i c a l l y  produces optimum 

performance a t  a gross  mix tu re - r a t io  of 2.13. 

A n  i n j e c t o r  having Corporal c e n t e r l i n e  geometry b u t  2. 

modified by changing only t h e  f .uel  o r i f i c e  diameter  so 

a s  t o  produce uniform mix tu re - r a t io  d i s t r i b u t i o n  a t  

r = 2,130 
As i n  (2) b u t  wi th  t h e  element r o t a t e d  about i t s  3. 

r = 2,130 
As i n  (2) b u t  wi th  t h e  element r o t a t e d  about i t s  3. 

impingement p o i n t  i n  o rde r  t o  d u p l i c a t e  t h e  Corporal 

r e s u l t a n t  momentum l i n e  for r = 2.13. 
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4. 

5. 

6. 

IV. 

A s  i n  (2) bu t  designed f o r  uniformity a t  r = 2.80 

( i . e . ,  peak performance) . 
A s  i n  ( 3 )  b u t  designed f o r  uniformity a t  r = 2.80. 

An i n j e c t o r  having t h e  same number of elements and t h e  

same geometry f o r  t h e  element a s  used i n  (4) and (5) 

b u t  with the  r e s u l t a n t  momentum angle equal  t o  zero  

and the elements rearranged t o  produce a nea r  uniform 

axial-mass-flow-rate d i s t r i b u t i o n .  

APPLYING NON-REACTIVE DATA TO INJECTOR DESIGN 

The subsequent experimental  program cons i s t ed  e s s e n t i a l l y  of t h e  

design,  f a b r i c a t i o n ,  hydraul ic  eva lua t ion ,  and performance ‘ t e s t i n g  of 

a s e r i e s  of i n j e c t o r s  t h a t  conformed t o  t h e  requirements l i s t e d  i n  the 

previous sec t ion .  For t he  f o u r  Corpora l - l ike  i n j e c t o r s  the  c e n t e r l i n e  

geometry was predetermined and s ince  the  p rope l l an t  system ( l e e e  , pro- 

p e l l a n t  d e n s i t i e s )  and design mixture- ra t ios  were s p e c i f i e d ,  i t  was a 

r e l a t i v e l y  s t r a i g h t  forward procedure t o  complete those  designs., In 

order  t o  r e t a i n  as much s i m i l a r i t y  a s  poss ib l e  t h e  o x i d i z e r  o r i f i c e  

diameter was a r b i t r a r i l y  ass igned  t h e  same value a s  used i n  t h e  

Corporal and s i n c e  the  number of elements was unchanged the  j e t  

v e l o c i t y  for t h e  o x i d i z e r  system was a l s o  dupl icated.  As was a l r e a d y  

noted the  remaining p r o p e r t i e s  of t h e  i n j e c t o r  a r e  then  determined.. 

The s i g n i f i c a n t  design dimensions a r e  summarized i n  Table 1. 

It i s  extremely important t o  remember a t  t h i s  p o i n t  t h a t  t h e  

s i g n i f i c a n c e  of or i f ice  diameter  i n  these designs i s  p red ica t ed  upon 

t h e  assumption t h a t  t h e  j e t s  a r e  s t a b l e ,  symmetrical, and reproducib le  
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E = 4.48 
-_  

Pc = 300 psla 

Po = 13.5 psia 

C = 1,410 x cd = 1,362 F( Expected) 

Injector 
Ident i f i ca t ion  

Corporal  

No, 1 

NOD 2 

No. 3 

No, 4 

NO, 5 

Design 
r 

2.13 

2.13 

2.80 

2.80 

2.80 

Orifice Diameters 
Oxidizer Fuel 

0.173 

0,173 

0.173 

0.173 

0.173 

0,173 

0.l40 2* 05' 

0.118 5O40' 

0.118 2O05' 

0.0986 3O42' 

0,0986 2005' . 

0.0986 O0 
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( c f .  Ref. 3 ) .  Therefore  t h e  d e t a i l  o r i f i c e  designs conformed t o  t h e  

requirements of Ref. 3. The r e su l t s  of i nco rpora t ing  these  o r i f i c e  

requirements  i n t o  a Corpora l - l i ke  i n j e c t o r  a r e  i l l u s t r a t e d  i n  Fig. 4 

which inc ludes  a photograph of one of t h e s e  Corpora l - l ike  i n j e c t o r s  

and a ske tch  of t h e  o r i f i c e  i n s t a l l a t i o n  a s  w e l l  a s  t h e  e s s e n t i a l  

manifold components. The hydrau l i c  e v a l u a t i o n  of t h e  i n j e c t o r  

included an  experimental  check of t h e  hydrodynamic p r o p e r t i e s  of each 

j e t  both be fo re  and a f t e r  i n s t a l l a t i o n  i n t o  t h e  i n j e c t o r .  F o r  t h i s  

purpose t h e  j e t  symmetry and t h e  c e n t e r l i n e  v e l o c i t y  were eva lua ted  

wi th  t h e  f l a t  p l a t e  dynamic head probe ( c f .  Ref. 6 )  and t h e  f low r a t e '  

was determined by d i r e c t  sampling and weighing. 

The da ta  ob ta ined  i n  t h i s  manner a f t e r  i n s t a l l a t i o n  of the 

o r i f i c e s  i n  I n j e c t o r  Number 3 a r e  shown i n  F i g .  5 and a r e  t y p i c a l  of 

a l l  t h e  Corpora l - l i ke  i n j e c t o r s .  It can be seen t h a t  even though a 

r a t h e r  ex tens ive  development of  t h e  manifold had a l r e a d y  been 

completed, t h e  i n d i v i d u a l  f low r a t e s  va r i ed  by a s  much a s  5% and t h a t  

t he  centerline-stagnation-pressure r a t i o  va r i ed  by n e a r l y  10% from a 

mean value and t h a t  t h i s  v a l u e  was a d d i t i o n a l l y  degraded due t o  

manifold e f f e c t s .  Although i t  was recognized t h a t  t h e s e  d a t a  would 

no t  produce an  optimum experiment,  it was concluded t h a t  t h e  improve- 

ment t h a t  had been achieved would warrant  t h e  performance e v a l u a t i o n  

and comparison. 

I n  c o n t r a s t  t o  t h e  des igns  of t h e  Corpora l - l ike  i n j e c t o r s ,  t h e  

impingement p o i n t  l o c a t i o n  and element o r i e n t a t i o n  f o r  a n  optimum 

i n j e c t o r  des ign  a r e  n o t  predetermined. However, i f  it can be  assumed 

t h a t  a p a r t i c u l a r  mass d i s t r i b u t i o n  can be  s p e c i f i e d  then  a procedure 

for def in ing  t h e  i n j e c t o r  geometry may be summarized a s  follows: 
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1, Determine t h e  mass d i s t r i b u t i o n  produced by t h e  r e  

element spraying  non-reac t ive  

and p r o p e l l a n t  d e n s i t i e s  i f  p 

2, Cons t ruc t  a t h r e e  dimensional 

axial-mass-f low r a t e  from a photographic nega t ive  wherein 

d e n s i t y  i s  analogous t o  mass-flow rate, 

3. Prepare a composite model from t h e  appropr i a t e  number of 

such nega t ives  ‘so a s  t o  produce t h e  r equ i r ed  d i s t r i b u t i o n  

on a chamber section, 

4, U t i l i z e  t h e  o r i e n t a t i o n  of (3)  t o  de f ine  t h e  r e q u i r e d  

o r i f i c e  and manifolding geometry, 

This  i s  t h e  procedure t h a t  was followed i n  producing t h e  f i n a l  

i n j e c t o r  of t h e  ser ies  which was in tended  t o  produce n e a r l y  uniform 

axial-mass-flow-rate d i s t r i b u t i o n  as w e l l  a s  uniform mix tu re - r a t io  

d i s t r i b u t i o n .  

The mass d i s t r i b u t i o n  d a t a  were obta ined  wi th  t h e  carbon- 

t e t r a c h l o r i d e  - H20 system, which n e a r l y  d u p l i c a t e s  t h e  phys ica l  

p r o p e r t i e s  of t h e  a c i d - a n i l i n e  system, The element had t h e  same 

geometry a s  had h e m  de f ined  f o r  I n j e c t o r s  3 and 4 i n  o rde r  t o  r e t a in  

s i m i l a r i t y  wi th  t h e  C o r p o r a l - l i k e  i n j e c t o r s ,  except  for element 

l oca t ion .  This in format ion  was used t o  c o n s t r u c t  t h e  analogue shown 

i n  Fig. 6 which i l l u s t r a t e s  t h e  mass f low r a t e  d i s t r i b u t i o n  ob ta ined  

on a plane  loca ted  s i x  inches  from t h e  impingement point .  It w 

obta ined  by s e t t i n g  t h e  sp ray  boundary a t  an iso-mass-rate l i n e  equal 

t o  1.0% of t h e  maximum and d i v i d i n g  t h e  remaining range i n t o  11 equal 

duced by t h i s  eleme 
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i s  f a r  from uniform, and f u r t h e r ,  h a s  only one a x i s  of symmetry. 

w i l l  be  seen,  t h i s  l a t t e r  e f f e c t  c a n  a l s o  in f luence  element o r i e n t a t i o n .  

AS 

PLANE OF JET CENTER LINES 
0 57 

I .59 

Fig. 6. Three-Dimensional Analogue of Mass D i s t r i b u t i o n  
Produced by a P a i r  of Impinging Streams 

Noting t h a t  t h e  p lane  dimensions of such an  analogue are a 

func t ion  of t h e  d i s t a n c e  from t h e  impingement p o i n t  and, hence,  t h a t  

f o r  a given element-flow r a t e  t h e  l o c a l  values  m u s t  a l s o  be propor- 

t i o n a l  t o  t h e  d i s t a n c e  from t h e  impingement p o i n t ,  i n t roduces  t h e  

n e c e s s i t y  for e s t a b l i s h i n g  a "model plane" f o r  which t h e  composite 

d i s t r i b u t i o n  i s  t o  be eva lua ted .  For  t h e  pruposes of t h i s  experiment,  

i t  was  assumed t h a t  a l l  sp ray  p a r t i c l e s  emanated r a d i a l l y  from the 

impingement p o i n t ,  and t h a t  t h e  d i s t a n c e  t o  t h e  model p lane  would be 

s u f f i c i e n t  t o  produce a sp ray  c r o s s - s e c t i o n a l  a r e a  equal  t o  an 

element 's  p r o p o r t i o n a t e  sha re  of t h e  chamber c r o s s  sec t ion .  Once 
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t h i s  d i s t a n c e  (hence a r e a )  had been e s t a b l i s h e d ,  t h e  mass-di 

analogue was sca l ed  down an  a p p r o p r i a t e  amount and 52 cop ies  were 

obta ined ,  These analogues were then  used i n  conjunct ion  w i t h  g 

m e t r i c a l  cons ide ra t ions  t o  e s t a b l i s h  an arrangement t h a t  would 

produce a n e a r  uniform mass d i s t r i b u t i o n ,  

t o  compromise a b e s t  p o s s i b l e  arrangement somewhat, i n  o r d e r  t o  

r e so lve  t h e  f a b r i c a t i o n  problems. The f i n a l  d i s t r i b u t i o n  p a t t e r n  is 

shown i n  Fig. 7, where it can be seen  t h a t  even though t h e  elements 

tend t o  be ar ranged  i n  rows, t h e  f u e l  and o x i d i z e r  o r i f i c e  p o s i t i o n s  

Actual ly ,  it was necessary  

ar,o t ransposed  i n  ad jacen t  rows. For comparative purposes,  a s i m i l a r  

model based on t h e  impingement p o i n t  l o c a t i o n s  of t h e  Corpora l - l i ke  

i n j e c t o r s  i s  shown i n  Fig, 8, 

The f i n a l  i n j e c t o r  des ign  used a d i f f e r e n t  o r i f i c e  geometry than  

had been u t i l i z e d  for t h e  Corpora l - l ike  i n j e c t o r s  i n  o r d e r  t o  achieve 

t h e  r equ i r ed  s t ream p r o p e r t i e s  while  e l imina t ing  t h e  in f luences  of the 

manifold. This was accomplished through t h e  use of p r e c i s i o n  bo re  

tub ing  i n  100 L/D l e n g t h s  for t h e  o r i f i c e s  and equal-pressure-drop 

f l e x  l i n e s  ( a  se t  p e r  p r o p e l l a n t )  t o  j o i n  these  o r i f i c e s  t o  the 

manifold, The phys ica l  r e s u l t  of t h i s  arrangement i s  shown i n  F i g .  9 ,  

which inc ludes  a v i e w  of  t h e  i n j e c t o r  f a c e  a s  w e l l  a s  a view of t h e  

or i f ice- to-mani fo ld  assembly. Again, as  wi th  the  Corpora l - l ike  

i n j e c t o r s ,  the h y d r a u l i c  p r o p e r t i e s  of each j e t  were checked; bu t  in 

t h i s  ca se  it i s  s u f f i c i e n t  t o  s t a t e  t h a t  t h e  f low r a t e  v a r i a t i o n s  were 

less  than  M.64: from t h e  average and t h a t  t he  cen te r l ine - s t agna t ion -  

, p r e s s u r e - r a t i o  va r i ed  by  less t h a n  W.5% and d i f f e r e d  by less t h a n  2% 

- from t h e  value t h a t  would be expected f o r  f u l l y  developed t u r b u l e n t  

f l o w  a t  t h e  orifice e x i t ,  
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1 
MODEL PLANE LOCATED 1.59 in. BEYOND 

IMPINGEMENT POINT PLANE 

.5 in. 

52 ELEMENTS 

D / / D o r  0.57 
Vf / V o x  = 1.59 

8 f / 8 0 ,  = 0.69 

= 2.80;  B = O 0  

TO SIMULATE- 
CORPORAL PROPELLANTS 
20,000 Ibs THRUST 
NOM. Pc = 300 psia 

Fig. 7.  Composite Model of Near-Uniform Distr ibut ion 
Obtained w i t h  a 52 Element Injector  
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MODEL PLANE LOCATED I 5 9  in. BEYOND 
IMPINGEMENT POINT PLANE 

CHAMBER 

= “.5in7 BOUNDARY D 

52 ELEMENTS 

Df/Dox 0 0.57 
V‘/vOx = 1.59 

0.69 

r = 2 80; /3100 

TO SIMULATE- 

CORPORAL PROPELLANTS 
20,000 Ibs THRUST 
NOM. Pc 300 PJlO 

Fig. 8. Composite Model of Mass Distribution 
Produced by a Corporal-Like Injector 

Page 23 



io 



Jet Proputsion Laboratory Publ ica t ion  No. 167 - 
Although these  da t a  do r ep resen t  an "improvement" t n  i n j e c t o r  

p r o p e r t i e s ,  t hese  changes were assumed t o  have a n e g l i g i b l e  ( a t  

q u i t e  small)  e f f e c t  on combustion processes .  This was an o b l i g  

assumption, i n  view of t h e  absence of a q u a n t i t a t i v e  r e l a t i o n  between 

such d i f f e r e n c e s  and e i t h e r  spray  p r o p e r t i e s  or combustion, and 

because of t h e  r e l a t i v e  d i f f i c u l t y  encountered i n  improving t h e  pro- 

p e r t i e s  of t h e  Corpora l - l ike  injectors. 

V. CO'd3USTION PERFORMANCE EVALUATION 

The performance of these  s e v e r a l  i n j e c t o r s  were eva lua ted  by 

comparing t h e  o v e r - a l l  combustion p r o p e r t i e s  of each i n j e c t i o n  scheme 

when adapted t o  otherwise s i m i l a r ,  uncooled chambers and nozzles  in a 

shor t -du ra t ion  t e s t  s t a n d  l o c a t e d  a t  the JPL f a c i l i t y  a t  Edwards Air 

Force Base, C a l i f o r n i a .  Tests were nominally 2-3 seconds long and, 

i n  most ca ses ,  s t eady  s t a t e  cond i t ions  were achieved w i t h i n  0.5-0.6 

seconds. 

ments of p r o p e l l a n t  f l ow r a t e s ,  chamber p re s su res ,  t h r u s t  and s e v e r a l  

values of t h e  l o c a l  h e a t  t r a n s f e r  r a t e s  i n  t h e  chamber. A t  l e a s t  one 

Engine performance was determined from experimental  measure- 

, chamber pressure  measurement had reasonably f l a t  response t o  frequen- 

cies of 8-10 kc. These primary measurements ( t o g e t h e r  w i th  the  u s u a l  

supplementary information)  were t h e n  used t o  compute an e f f e c t i v e  

chamber p re s su re ,  PC,,ff C*, ISp, and the  t h r u s t  c o e f f i c i e n t ,  CFo 

The e f f e c t i v e  chamber p re s su re  was obta ined  by c o r r e c t i n g  the measured 

nozzle i n l e t  p re s su re  i n  accordance with the  procedures of Ref, 7 ,  

C*, ISp, and CF were obta ined  from t he  u s u a l  r e l a t i o n s h i p s  
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i s  noted t h a t  somewhat lower values f o r  Pc - eff (in the  order  of 

2 4 % )  a re  obtained i f  the injector-end chamber pressure is used for 

t h i s  calculat ion.  However, t he  values based on nozzle i n l e t  pressure 

produced t h r u s t  coe f f i c i en t s  t h a t  were near ly  equal t o  the  expected 

values and, therefore ,  were considered more representa t ive  of the 

sys tern. 

Figures 10 through 12 compare the  curves of C* and ISp vs r for 

the s i x  i n j e c t o r s  t h a t  were included i n  the demonstration. Figure 10, 

i n  p a r t i c u l a r ,  c l e a r l y  ind ica tes  the improvement i n  performance t h a t  

was achieved by applying t h e  r e s u l t s  obtained with non-reactive f l u i d  

t o  an ac tua l  combustion cha&er, and f u r t h e r ,  by assuming t h a t  both 

uniform mass d i s t r i b u t i o n  and uniform mixture-ratio d i s t r i b u t i o n  a r e  

required for optimizing the  react ion,  It is noted t h a t  the experi-  

mental C* i s ,  e s s e n t i a l l y ,  a constant  9s of the  t h e o r e t i c a l  

equilibrium value, and t h a t  t h i s  represents  an improvement of 13% over 

the  Corporal system a t  peak performance mix tu re  r a t i o .  

It w i l l  a l s o  be noted t h a t  the performance f o r  the Corporal 

i n j e c t o r  has been p lo t t ed  t o  i l l u s t r a t e  t he  marked d i scon t inu i ty  t h a t  

occurs a t  r = 2.24. 

combustion i n s t a b i l i t y  character ized by a 140 cyc/sec o s c i l l a t i o n  

with peak-to-peak amplitudes of a t  l e a s t 1 0 0  psi. 

T h i s  a c t u a l l y  represents  the  incept ion of 

It should a l s o  be noted a t  t h i s  point t h a t  a l l  of t he  i n j e c t o r s  

with the  exception of t he  Corporal would produce a v io len t  combustion 

i n s t a b i l i t y ,  character ized by chamber pressure f luc tua t ions  of 

approximately 2-3000 psi a t  a frequency of approximately 1.8-2.0 kc, 

Even t h e  heavy weight hardware t h a t  was used could not  t o l e r a t e  these  

conditions for more than 200-300 msec, so it was necessary t o  eliminate 
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t h i s  phenomena before any of these comparisons could be made. 

was accomplished by i n s t a l l i n g  a s e t  of vanes, a s  shown i r i b o t h  - 

F i g s .  4 and 9 ,  i n  a near-radial  plane and extending 1.5-2.5 in, 

beyond the impingement point. No attempt was made t o  analyze the  

This 

i n s t a b i l i t y  nor the  damping mechanism t h a t  the vanes introduced, It 

was s u f f i c i e n t  f o r  t he  purposes of these experiments t h a t  t h e  ins ta -  

b i l i t y  was eliminated, and, i n  a manner t h a t  d i d  not  appear t o  

ser ious ly  modify e i t h e r  mass d i s t r i b u t i o n s  or mixture-rat io  d i s t r i -  

bution. Note t h a t  the  vanes i n s t a l l e d  on the Corporal injector a s  

shown in Fig. 3 had no measurable e f f e c t  on the  combustion charac- 

ter is t ics  produced by t h a t  in jec tor .  

F i g u r e  11 shows the experimental performance of the  two Corporal- 

l i k e  i n j e c t o r s  t h a t  were designed t o  produce uhifonn mixture-rat io  

d i s t r i b u t i o n  a t  I: = 2.13. It i s  i n t e r e s t i n g  t o  note  t h a t ,  in t h i s  

case,  peak performance i s  obtained a t  a mixture-rat io  value t h a t  is 

intermediate between t h e  design r and peak-performance mixture ra t io .  

Peak-performance f o r  both i n j e c t o r s  represents  a n  improvement r e l a t i v e  

t o  the Corporal i n j e c t o r  bu t ,  i n  ne i the r  case,  does it approach the 

performance of i n j e c t o r  5 except a t  t h e  low m i x t u r e  r a t i o s .  

a l s o  i n t e r e s t i n g  t o  note t h a t  a s m a l l  d i f ference i n  performance 

(approximately 1%) can be associated with the  changes i n  d i s t r i b u t i o n ,  

r e su l t i ng  from changes i n  resultant-momentum angle. 

It is 

- _  .. 
Figure 12 summarizes the  experimental performance of t h e  two 

Corporal-l ike i n j e c t o r s  intended t o  produce uniform mixture-rat io  

d i s t r i b u t i o n  a t  r = 2.80. 

performance mixture r a t i o  for both of these i n j e c t o r s  occurred ve ry  

near  t he  peak theo re t i ca l  value. However, the  f a c t  t h a t  the absolute 

As should h a w  been expected, t h e  peak- 
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value i s  a c t u a l l y  somewhat lower than the  peak value ( a t  a d i f f e r e n t  r) 

obtained with i n j e c t o r s  1 and 2 was not expected. 

change i n  performance associated with t h e  change i n  r e s u l t a n t  

momentum a n g l e  cons is ten t  with t h a t  obtained with 1 and 2. However, 

a l l  of these d i f fe rences  a re  small  enough so t h a t  it i s  d i f f i c u l t  t o  

a t t r i b u t e  them t o  the  e f f e c t s  of any one parameter. It  does, however, 

seem q u i t e  c l e a r  t h a t  i n j e c t o r s  3 and 4 do achieve peak performance a t  

o r  near peak-performance mixture r a t i o  and, i n  addi t ion,  tend t o  be 

qu i t e  i n sens i t i ve  t o  changes i n  mixture ratio, 

Nor i s  the  small  

VI. SUMMARY 

A summary of the  performance c h a r a c t e r i s t i c s  i s  presented in 

Table 2 which compares the  peak performance values for t h e  severa l  

i n j e c t o r s  aga ins t  the  peak t h e o r e t i c a l  values. It is t o  be noted t h a t  

only i n j e c t o r s  3, 4,  and 5 produced t h e i r  peak performance a t  t h e  

design mixture r a t i o  and i n  p a r t i c u l a r  t h a t  i n j e c t o r  5 achieved a 

performance leve l  t h a t  i s  s i g n i f i c a n t l y  higher  (i.e., 2 - 4% Isp and 

3 - 5% c*) than any of t he  o the r  in jec tors .  

Therefore, i n so fa r  a s  the information produced by a demonstration 

u t ix i z ing  a s ing le  propel lant  system i s  concerned, it may be concluded 

that: 

1. The non-reactive proper t ies  of sprays can be u t i l i z e d  t o  

pred ic t  and cont ro l  mass 

i n  a combustion chamber, 

and mixture-rat io  d i s t r i b u t i o n s  
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2. The peak performance of a combustion chamber is 

achieved when t h e  r e a c t a n t s  a r e  i n j e c t e d  i n  a manner 

t h a t  w i l l  produce b9t.h uniform mix tu re - r a t io  

b u t i o n  and uniform axial-mass-flow-rate d i s t r  

Table 2. I n j e c t o r  Performance Summary 

I n j e c t o r  

Mass D i s t r i b u t i o n  

r D i s t r i b u t i o n  

Design r 

Peak Perf.  r 

f i x  IS,/hx(I,p)TH 

h x  C*/&X(C*)fH 

Corporal 

poor 

poor 

2.65 

2.13 

0.895 

0.932 

2.13 2.13 

2.56 2.66 

0.908 0.916 

0,949 0.960 
I 

314 
poor 

good 

2.80 

2.80 

0.880 

0.940 

poor 

good 

2.80 

2.80 

0.890 

0.928 

5 

good 

good 

2.80 

2.80 

0,927 

0.982 

NOTE: Maximum (Isp)TF = 
based on equ i l ib r ium values  f o r  r = 2.80. 

223.4 seconds; maximum (C*)TH = 5020 ft/sec 
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NOMZNCLATURE 

E, = mixing factor (see Ref. 3 for definition). 

b = weight density, lb/ft3. 

v = mean velocity, ft/sec. 

D = diameter, in. 

W = weight rate of flow, lb/see. 

r = mixture ratio = M ~ J W ~  = ~ 2 / ~ 1 .  

p = total stagnation pressure, psi .  

pc = centerline stagnation pressure producer with jet having a 

uniform velocity profile. 

P, - eff = isentropic stagnation pressure of combustion chamber, psia,  

ft = exhaust nozzle throat area. 

g = gravitational constant, 

F = thrust, lbsr 

e = nozzle expansion ratio or roughness factor. 

j3 = angle between resultant momentum line and chamber axis 

at design r, 

Subscripts 

ox = oxidizer. 

f = fuel. 

1 = first component of system to simulate fue l .  

2 = sec0r.d component of system to simulate oxidizer, 

T = total. 

avg = average. 

4, = centerline 

c = chamber, 
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NOMENCLATURE (Cont 'd) 

t = throat. 
o = atmospheric or reference. 

nom = nominal. 

eSf = effective. 
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